Background: Previous imaging studies on the pathogenesis of cluster headache (CH) have implicated the hypothalamus and multiple brain networks. However, very little is known regarding dynamic bout-associated, large-scale resting state functional network changes related to CH. Methods: Resting-state functional magnetic resonance imaging data were obtained from CH patients and matched controls. Data were analyzed using independent component analysis for exploratory assessment of the changes in intrinsic brain networks and their relationship between in-bout and out-of-bout periods, as well as correlations with clinical observations. Results: Compared to healthy controls, CH patients had functional connectivity (FC) changes in the temporal, frontal, salience, default mode, somatosensory, dorsal attention, and visual networks, independent of bout period. Compared to out-of-bout scans, in-bout scans showed altered FC in the frontal and dorsal attention networks. Lower frontal network FC correlated with longer duration of CH. Conclusions: The present findings suggest that episodic CH with dynamic bout period shifts may involve bout-associated FC changes in multiple discrete cortical areas within networks outside traditional pain processing areas. Dynamic changes in FC in frontal and dorsal attention networks between bout periods could be important for understanding episodic CH pathophysiology.
Introduction
Cluster headache (CH) is a primary headache disorder characterized by recurrent and severe unilateral periorbital pain and autonomic symptoms. In episodic CH, patients experience high-frequency attacks during in-bout periods. Between in-bout periods, patients remain asymptomatic for months to years (outof-bout periods) (1) . The clinical picture of CH, with its circadian rhythmicity and cranial autonomic features, supports the hypothesis that the disorder may involve the hypothalamus (2) . Furthermore, previous functional imaging studies have demonstrated hypothalamic activation during acute CH attacks (3, 4) . Attempts have been made to treat intractable CH with deep-brain stimulation (DBS) of the hypothalamus (5, 6) , although without complete success. This suggests that other brain structures or networks are involved in CH. Several brain regions in the so-called ''pain matrix,'' including the anterior cingulate cortex (ACC), posterior thalamus, prefrontal cortex, and insular cortex, have been implicated in CH pathogenesis, especially during acute attacks (7, 8) . In fact, altered metabolism in the aforementioned areas has been observed in patients with CH (7) . We have previously reported dynamic changes between bout periods in frontal pain modulation areas (9, 10) . Functional abnormalities in occipital areas and the cerebellum have also been reported in patients with CH (11, 12) . Additionally, we previously noted dynamic bout-related changes in functional connectivity (FC) between the hypothalamus and cerebellar, frontal, and occipital areas (13) . Thus, CH pathophysiology may involve multiple brain networks that include not only the hypothalamus, but also central pain modulation networks and non-traditional pain-processing regions.
Resting-state functional MRI (RS-fMRI) is used to examine the temporal correlations of blood oxygen level-dependent (BOLD) fluctuations between brain regions at rest, which is thought to reflect resting neuronal activity and is often related to FC (14) . This MR technique can elucidate extensive brain networks, and investigate how resting-state network (RSN) interactions change in neuropsychiatric illness (14) . Most published RS-fMRI studies assessing CH patients used seed-based FC analysis focused on the hypothalamus. These previous studies described abnormal FC only between the hypothalamus and painrelated brain areas in patients with episodic CH, or during spontaneous CH attacks (11) (12) (13) 15) . Information on alterations in whole-brain intrinsic functional networks between bout periods is still lacking. Given the episodic nature of CH, and the fact that its pathophysiology appears to involve not only the hypothalamus but also other large-scale functional networks, identifying the networks with altered FC in relation to bout status might provide a chance to explain both the disease pathophysiology and the observed bout period shifts.
This exploratory study assessed the changes in distributed intrinsic FC networks and their relationship with bout status in CH, to determine whether functional alterations in brain networks are implicated in CH pathophysiology and associated with shifts between bout periods. We evaluated CH-related, whole-brain large scale RSNs via RS-fMRI scan, together with independent component analysis, to test the following hypotheses: (1) FC changes in RSNs occur outside traditional pain processing areas;
(2) FC in RSNs differs between in-bout and outof-bout periods; and (3) FC changes in RSNs are associated with clinical observations.
Materials and methods

Participants
This study was approved by the Institutional Review Board of Taipei Veterans General Hospital (TVGH), Taiwan, and written informed consent was obtained for all participants prior to enrollment. Seventeen patients were recruited from the Headache Clinic at Taipei Veterans General Hospital (TVGH). These patients met the diagnostic criteria for episodic CH, based on the third edition of the International Classification of Headache Disorders (ICHD-3 -b) (1) . None of the patients had other concomitant primary (e.g. migraine) or secondary headache disorders. The control group comprised 18 sex, age, and handedness matched healthy volunteers recruited through community advertisements or hospital subject pools. Exclusionary criteria for controls included a family history of CH or migraine, prior diagnosis of a primary or secondary headache disorder, and any chronic pain condition. Infrequent episodic tension-type headache occurring no more than one day per month was acceptable for inclusion as a control. In this study, all patients and control subjects were scanned for the first time specifically for the purpose of this study. Patients were first scanned during an in-bout period that had been ongoing for at least one week at the time of the scan, and then re-scanned during an out-of-bout period, with a mean interval between scans of 7.8 months (range, 6-11 months) . No active acute attacks occurred during scanning sessions, and no medications were taken for at least 24 hours before the scans. The participants in this study included some but not all of the subjects from our previous study (13) . The statistical analysis of demographic data was calculated using SPSS software version 20 (SPSS, Chicago, IL, USA) with 2-sample Student's test and Pearson's chisquare test.
MRI acquisition
MR images were collected at TVGH on a 3T GE Discovery-750 MRI scanner with an eight-channel phase array head coil and cushions to reduce participant motion during image acquisition. A whole-brain T1-weighted scan was acquired for anatomical reference and voxel-wise gray matter volume estimation, using a three-dimensional inversion recovery prepared fast spoiled gradient recalled sequence with the following parameters: repetition time (TR)/ echo time (TE)/ inversion time ¼ 9.2/3.7/450 ms, flip angle ¼ 12 , number of excitations (NEX) ¼ 1, matrix size ¼ 256 Â 256, FOV ¼ 256 Â 256 mm, voxel size ¼ 1 Â 1 Â 1 mm 3 and 172 axial slices without inter-slice gap. For the RS-fMRI scan, a whole-brain T2*-weighted gradientecho planar sequence with the following parameters was used: TR/TE ¼ 2500/30 ms, flip angle ¼ 90 , Participants were instructed to relax with their eyes closed, not to fall asleep, and not to think about anything in particular during RS-fMRI acquisition. We recorded no objective measures of subject vigilance information (e.g. heart and respiratory rate) during the imaging session.
Data preprocessing
The RS-fMRI dataset was preprocessed using the FMRIB Software Library (FSL v5.0.8, Functional MRI of the Brain Software Library; http://fsl.fmrib. ox.ac.uk/fsl/fslwiki/; (16) ). The following preprocessing pipeline was applied: (1) removal of the first ten volumes, (2) slice timing correction, (3) head motion correction, (4) non-brain tissue removal, (5) spatial smoothing with a 5 mm Gaussian kernel, and (6) grand-mean intensity normalization. A high-pass temporal filter was not applied in the current study due to recent research suggesting that broadband spectral characteristics were observed in large scale resting state networks (17, 18) . Single-subject independent component analysis (ICA) with automatic dimensionality estimation was applied to the preprocessed RS-fMRI dataset using MELODIC (Multivariate Exploratory Linear Optimized Decomposition into Independent Components (19) ). Single-subject components were further classified into artifact or unlikely artifact components using Spatially Organized Component Klassificator (SOCK) based on the characteristics of spatial pattern, time and frequency domain information of each IC (20) . We used the default settings of the SOCK toolbox to identify noise ICs in our dataset. To further validate whether SOCK successfully identified the spurious components, an experienced rater blinded to the participants' status was also trained to identify artificial components based on previous ICA studies (21, 22) and performed a manual visual inspection. After artificial component identification, FMRIB's ICA-based Xnoiseifier (23) was used to aggressively regress the full space of the artificial components and the 24 motion-estimation confound time series (the time series of each individual's six rigid-body parameter, their temporal derivatives, and the squares of all 12 resulting regressors) out of the preprocessed RS-fMRI dataset. Because the imaging parameters of the training dataset provided by the FSL-FIX tool were not the same as ours, we used the FSL-FIX tool only to remove the effect of self-identified noise components and motion-related artifacts. Since CH is strictly lateralized, we flipped the denoised RS-fMRI dataset and corresponding T1-weighted scan for seven patients with left-side attacks along the mid-sagittal plane, thus enabling us to treat the headache attacks as being on the same side (the right side being symptomatic). This technique was common in previous CH brain imaging studies (7, 9, 10, 13) . Furthermore, in order to reduce potential bias due to the brain-flipping step in patients with left-sided CH, we also flipped the corresponding imaging data of seven sex, age, and handedness matched healthy control subjects. After completing the above procedures, individual RS-fMRI datasets were spatially normalized to the Montreal Neurological Institute (MNI) space template using a two-stage approach (13) . The image resolution of the MNI space template is 2 mm isotropic. These cleaned, preprocessed RS-fMRI datasets were served as input for further group-level ICA. Because head motion may influence the FC profile of the RS-fMRI dataset, attention was paid to potential motion-related issues. The detailed analytic protocol for motion-related issues is provided in the supplementary methods.
Voxel-wise gray matter volume estimation
Based on our more detailed, previously published methodology (10), an image-based, voxel-wise modulated GMV regressor was used to adjust for the effect of GMV differences when subsequently comparing FC. The voxel-wise gray matter volume estimation was carried out using the steps for the voxel-based morphometry (VBM) approach included in the VBM8 toolbox (http://dbm.neuro.uni-jena.de) (24), Statistical Parametric Mapping software (SPM8, Wellcome Institute of Neurology, University College London, UK, http:// www.fil.ion.ucl.ac.uk/spm/), and MATLAB R2010a (Mathworks, Natick, MA) with default settings.
Resting state network construction and with-network comparisons
To obtain group-level RSNs, temporal concatenation ICA was carried out for the entire group using MELODIC with automatic dimensionality estimation. This procedure identified 56 spatial ICs, and all ICs were standardized into a mixture-modeling Z-score map by dividing each component's weight into the standard deviation of the background noise, with a Z-score > 4 as the threshold for representative RSNs. We visually identified 10 artificial components (residual movements, white matter, and ventricular components) from the 56 group level ICs, so 46 RSNs served as networks-of-interest for within-network analysis. Dual regression was then used to investigate voxel-wised FC changes of RSNs between CH and control groups and bout stages (25) . Briefly, the full set of unthresholded group spatial ICs were first used as spatial regressors in a general linear model to derive a participant-specific time course for each component. The time course matrices of each component were then regressed against each participant's preprocessed dataset, to estimate the participant-specific spatial maps in terms of voxel-wise z-scores. To identify cross-sectional and longitudinal FC changes within each RSN, nonparametric statistical models with 10,000 permutations were carried out using the FSL RANDOMISE tool. An analysis of covariance (ANCOVA) with the corresponding GMV image as a voxel-dependent nuisance variable, and age, sex, and mean frame-wise displacement as non-image based nuisance variables, were used to investigate the cross-sectional FC group differences within RSNs (in-bout/out-of-bout versus controls). To further identify the longitudinal FC changes between in-bout and out-of-bout scans within each RSN, we utilized an ANCOVA model with the FC differences between inbout and out-of-bout as the dependent variable, the corresponding GMV differences as a voxel-dependent nuisance variable, and the differences of mean frame displacement as a non-image based nuisance variable. The threshold of significance was at p < 0.05 with family-wise error (FWE) corrected for multiple comparisons using threshold-free cluster enhancement (26) . Due to the exploratory design of the study, we limited multiple comparison correction to correcting within each RSN, and did not correct across the 46 RSNs. Clusters with significant within-group and between-group effects were further extracted for correlation analysis with clinical observations. The Shapiro-Wilk test was used, and revealed that the mean FC of each cluster with significant statistical difference fulfilled the parametric data assumption. Subsequently, partial Pearson correlation analyses, with age, sex and mean frame-wise frame displacement serving as nuisance variables, were used to examine the relationship between regional FC and the times of bouts, frequency of attacks per day, duration of illness, and frequency of bouts per year within the patient group. Because the clinical correlation analysis was primarily exploratory, we did not correct for multiple comparisons (p < 0.05).
Results
Demographics and RS-fMRI motion profiles
There were no significant differences in sex (p ¼ .17), age (p ¼ .88), or handedness (p ¼ .49) between CH and control groups. Of the 17 patients with CH, 10 had strictly right-sided attacks, and seven had strictly leftsided attacks. The mean duration to scanning after the last attack during an in-bout period was 17.2 hours (range of 10-23 hours). However, the mean duration to the next attack after scanning was not recorded in this study. The patients' demographic and clinical information is summarized in Table 1 . For the RS-fMRI time series, no subjects had a maximum rotation that was ! 1.5 or displacement that was ! 1.5 mm in any directions. The CH and control groups showed no significant differences in the mean frame displacement (p ¼ .84).
FC differences between CH and control groups within large-scale RSNs
Forty-six components with potential functional relevance were identified in the full sample, and then grouped into 10 categories based on anatomical location: RSNs of visual, sensorimotor, default mode, frontal, dorsal attention, parietal, salience, cerebellar, temporal, and subcortical categories ( Figure 1 ). Among these, seven categories showed significant changes in intrinsic FC in patients with CH during both in-bout and out-of-bout periods compared to controls (P FWE-corrected < .05; Figure 2 , Table 2 
FC differences between in-bout and out-of-bout periods in the CH group
Compared to out-of-bout scans, in-bout scans exhibited a significant change in FC in the right inferior frontal gyrus and left postcentral gyrus (IC 22 and 23; Figure 3 ; Table 3 ).
Association between clinical variables and FC in the CH group
Disease duration was significantly and negatively correlated with a reduction in mean FC in the right cingulate gyrus (r ¼ À0.719, p ¼ 0.003) of the frontal network (IC 36) during the in-bout period.
Discussion
In this study, changes in RSNs with FC differences among patients with CH relative to controls were observed in temporal, frontal, salience, default mode, somatosensory, dorsal attention, and visual networks. Longitudinally, we observed reduced FC in the frontal and dorsal attention networks between in-bout and out-of-bout periods. Notably, regions showing boutassociated FC changes in RSNs were primarily outside the traditional pain processing networks. Lower FC in the frontal network was related to a longer CH illness duration.
Few studies have investigated intrinsic functional fluctuations among patients with CH. Rocca et al. (11) discovered altered intrinsic fluctuations in sensorimotor and primary visual networks in patients with CH in the out-of-bout period. Abnormal hypothalamic FC has been reported in areas associated with pain processing and visual networks both during and between CH attacks (12) , while the results of our previous study indicated bout-dependent dynamic hypothalamic FC changes in frontal, occipital, and cerebellar areas (13) . Additionally, decreased functional coactivation was detected between the hypothalamus and salience network areas in patients with CH (15) . Although these previous studies found changes in intrinsic network FC in patients with CH, none studied alterations in wholebrain large-scale RSNs, or the possible contribution to shifts between bout periods. Here, we observed dynamic FC changes between in-bout and out-of-bout periods in the frontal and dorsal attention networks. Collectively, CH pathophysiology appears to involve multiple brain networks, including areas beyond traditional pain-related networks.
Neuroimaging studies have revealed activation in the ascending pain processing and descending pain modulation systems during the experience of acute pain. The basal ganglia (BG), cerebellum, hippocampus, and frontal, parietal, and temporal cortical areas are also active during acute pain (27) . In this study, bout-associated FC changes in the superior temporal gyrus were identified in patients with CH. The superior temporal gyrus is within the temporal cortex, a traditional component of pain-processing networks (27) . Anatomic connectivity between the hypothalamus and temporal area has been demonstrated in primates (28) , which explains why hypothalamic DBS produces functional changes in the temporal cortex in patients with CH (29) . Hence, RSNs with bout-associated FC changes in the temporal area could be associated with nociceptive processing. Dysfunction in the descending pain circuitry facilitates primary headache disorders by disinhibiting or facilitating nociceptive processing (30) . Here, we observed FC differences between CH and control groups in frontal and dorsal attention areas, which modulate the cognitive and affective dimensions of pain processing (30) . We have also observed boutassociated GMV and white matter microstructure changes in frontal and limbic pain modulation areas (9,10), as well as hypothalamic FC changes in frontal areas in relation to bout status (13) . Furthermore, the dorsal attention network also provides a direct corticocortical pathway for the attentional modulation of pain (31) . Here, dynamic FC changes in the frontal network and dorsal attention networks between in-bout and out-of-bout periods were identified. We also found that lower FC in the frontal network was associated with longer disease duration of CH. Collectively, these data suggest that these dynamic alterations in frontal pain modulation networks may relate to shifts between bout periods and disease progression, and provide sites for neuromodulatory therapies for CH. Further research is required to explore this possibility.
RSNs of visual category
RSNs of sensorimotor category Consistent with prior studies assessing acute CH attacks (8, 12) , we detected CH-related FC differences in the insular area associated with the salience network. The salience network, which mainly includes the dorsal ACC, anterior insula, and frontal operculum, is related to the processing of affective information and attentional modulation, antinociception, and autonomic reactions to painful stimuli (32) . Altered brain metabolism and intrinsic FC in the insula and salience network-related areas has been demonstrated in CH patients, even during headache remission (7, 11, 15) . Furthermore, the insular area may be associated with central autonomic regulation (33) . Therefore, our findings are consistent with the notion that salience network FC changes in CH may be related to a disruption of cognitive and emotional pain modulation and autonomic responses. We also detected bout-related FC differences in the precuneus, part of the DMN. The DMN includes the posterior cingulate, precuneus, medial temporal, lateral temporoparietal, and medial frontal areas, and is thought to mediate cognitive processes, influence behavior in response to stressful experiences, and facilitate coping strategies for promoting adaptation (34) .
Previous RS-fMRI studies have demonstrated disrupted DMN connectivity in several pain conditions, including migraine (35) , suggesting the presence of maladaptive brain responses to repeated stress and pain. Furthermore, altered regional homogeneity in CH patients has been detected in the posterior cingulate and other DMN areas during pain processing (8) . Therefore, our present findings are consistent with previous observations of chronic pain and primary headache disorders, implicating maladaptive brain responses as part of CH pathophysiology. Observed FC alterations outside typical pain processing areas included the middle occipital gyrus (the visual network). However, these occipital areas participate in visuospatial perception and localization (36) . Altered GMV has been reported in the visual processing areas of patients with CH (37) . Furthermore, previous studies have revealed altered visual network fluctuations (11) and hypothalamic FC in occipital areas (12, 13) . These might reflect visual processing disturbances reported by patients with CH, and could be associated with clinical symptoms related to photophobia during acute attacks.
In this study, ICA did not show any functional network differences involving the hypothalamus. These results contradicted our previous study, in which we found alterations in hypothalamic functional connectivities in patients with CH (13) . The use of different image processing procedures (ICA versus a seed-based approach) may partly explain this discrepancy. Furthermore, group level ICA can sensitively detect consistent large-scale functional networks across study participants, but lacks such sensitivity to identify functional networks that are associated with small deep subcortical nuclei, such as the hypothalamus. Further studies are needed to integrate these different imaging processing methodologies to better understand the changes in the brain and CH pathophysiology.
The present study has several noteworthy limitations. First, our sample size was not very large. CH is a rare headache disorder, making patient recruitment difficult. Second, since patients with episodic CH were asymptomatic during the out-of-bout period and did not need to come back to the clinic, it was more difficult to recruit patients during this period than during the inbout period. Furthermore, most episodic CH patients had just one or two annual bout periods (2) . Therefore, the average time interval between two MRI sessions in this study might be up to eight months. However, this relatively long period between the two sessions of MRI may potentially confound the results. Third, in this study, we included fewer female participants in the patient group; therefore, the sex-matching was less successful. Although we had included sex as a covariate in the statistical analysis, we cannot guarantee that the results are not confounded by gender differences. Therefore, we cannot fully generalize these results to female patients with CH. Fourth, in this study, a statistical threshold of p < .001, as corrected for multiple comparisons with Bonferroni's correction across the 46 RSNs, was required for rejecting the null hypothesis (i.e., no differences in functional connectivity of each RSN). Consequently, no voxels survived this conservative correction across all RSNs, and no firm conclusions could be drawn. Nevertheless, as an exploratory study, our results may shed some light on the hypothesis that CH involves aberrant functional connectivity in multiple networks, and may yet advance our knowledge of large-scale network pathophysiological changes related to CH. Finally, it should also be stressed that while ICA identifies functional interactions, it does not provide information regarding causality. Future causality analyses may provide insight into the connection and causality between the hypothalamus and other brain areas implicated in CH.
To the best of our knowledge, this is the first longitudinal study to demonstrate functional alterations in whole brain large-scale RSNs in relation to bout periods. We observed abnormalities in FC within temporal, frontal, salience, default mode, somatosensory, dorsal attention, and visual networks among patients with CH. Dynamic FC changes between in-bout and out-ofbout periods in the frontal network were strongly related to CH duration. These findings advance our understanding of network functionality related to episodic CH with dynamic bout period shifts. Importantly, these functional changes affected intrinsic FC throughout multiple brain networks, especially those outside the traditional pain-processing networks.
Article highlights
. Resting state functional MRI was used to assess the changes in intrinsic brain networks in CH patients. . Abnormalities in functional connectivity (FC) within various cortical networks with dynamic changes between bout periods were found in CH patients. . Episodic CH with dynamic bout period shifts may involve FC changes in discrete cortical areas within networks outside traditional pain processing areas.
